ABSTRACT Obesity and diabetes are growing health problems worldwide. In this study, dietary provision of Chinese ginseng (0.5 g/kg diet) prevented body weight gain in high-fat (HF) diet-fed mice. Dietary ginseng supplementation reduced body fat mass gain, improved glucose tolerance and whole body insulin sensitivity, and prevented hypertension in HF dietinduced obese mice. Ginseng consumption led to reduced concentrations of plasma insulin and leptin, but had no effect on plasma adiponectin levels in HF diet-fed mice. Body temperature was higher in mice fed the ginseng-supplemented diet but energy expenditure, respiration rate, and locomotive activity were not significantly altered. Dietary intake of ginseng increased fatty acid oxidation in the liver but not in skeletal muscle. Expression of several transcription factors associated with adipogenesis (C/EBPa and PPARc) were decreased in the adipose tissue of HF diet-fed mice, effects that were mitigated in mice that consumed the HF diet supplemented with ginseng. Abundance of fatty acid synthase (FASN) mRNA was greater in the adipose tissue of mice that consumed the ginseng-supplemented HF diet as compared with control or un-supplemented HF diet-fed mice. Ginseng treatment had no effect on the expression of genes involved in the regulation of food intake in the hypothalamus. These data suggest that Chinese ginseng can potently prevent the development of obesity and insulin resistance in HF diet-fed mice.
INTRODUCTION G
inseng root has been used in oriental countries for thousands of years as a fatigue and weakness remedy. Today, it is one of the best-selling plant-derived supplements in the world, with the market value estimated at $2084 million. 1 Recent studies have shown that ginseng may possess several beneficial health properties. For example, ginseng has been shown to be effective in the management of menopause symptoms, 2 some neurological disorders, 3 cardiovascular disease (CVD), 4 and hyperglycemia in type 2 diabetes (T2D), 5 as well as improving immune function. 6 Obesity is a growing health problem worldwide. In the United States, 35 .7% of adults and 16.9% of children are considered to be obese. 7 Obesity is an established risk factor for the pathogenesis of various chronic diseases such as T2D, CVD, and cancer, 8 some of the leading causes of preventable deaths. Several studies showed that ginseng therapy reduced fasting blood glucose and body weight in patients with T2D. [9] [10] [11] In mouse and rat models, dietary provision of ginseng extracts for 4-8 weeks was associated with reduced high-fat (HF) diet-induced body weight gain, altered expression of lipogenesis-related genes, [12] [13] [14] increased glucose transporter-4 and insulin receptor protein expression, 13, 14 and reduced angiogenesis. 15 While many studies are focused on the short-term effects of ginseng on obesity, there are few studies that investigate the metabolic and gene expression profile of animals after long-term consumption of a ginseng-supplemented HF diet. The objective of this study was to determine whether relatively long-term dietary supplementation of ginseng can prevent obesity and metabolic syndrome in HF diet-fed mice. We show that dietary intake of ginseng for 15 weeks reduced body weight gain and fat mass of mice that consumed the HF, although food intake and energy expenditure were not altered. In addition, ginseng treatment improved blood glucose homeostasis, insulin sensitivity, and blood pressure.
These favorable changes in obese mice are associated with altered hepatic fatty acid metabolism and expression of adipogenesis-related genes in white adipose tissue.
MATERIALS AND METHODS

Animals
Eight-week-old, male C57BL/6J mice (NCI, NIH) were housed in an animal room maintained on a 12-h light/dark cycle under constant temperature (22-25°C) with ad libitum access to food and water. Before the experiment, fasting blood glucose and body weight were measured. Mice were then divided into three groups (n = 15) of similar blood glucose concentrations and body weights, and were fed either a standard control diet with 10% of calories derived from fat, a HF diet (Research Diets, Inc., New Brunswick, NJ, USA) with 58% of calories from fat, or HF diet supplemented with ginseng (HF + G, 0.5 g/kg diet) for 15 weeks. Body weight and food intake were recorded weekly throughout the study. The study protocol and procedures performed in this study were reviewed and approved by the Institutional Animal Care and Use Committee at Virginia Tech.
Measurement of blood parameters
The fasting and nonfasting blood glucose concentrations were measured using a glucometer (The Kroger Co., Cincinnati, OH, USA) at the beginning of the experiment to ensure that the mice were euglycemic. Fasting and nonfasting blood glucose concentrations were then measured bi-weekly throughout the study. Fasting blood glucose was measured after a 16-h food withdrawal as previously described. 16 Following 14 week of dietary treatment, blood pressure was determined in conscious mice using the Kent CODA 2 series computerized noninvasive blood pressure system (Kent Scientific, Torrington, CT, USA) as we previously described. 17 At the end of the experiment, mice were fasted overnight and anesthetized for collecting blood samples by cardiac puncture. Plasma samples were collected by centrifugation at 16,000 g for 15 min. 18 Plasma insulin was determined with a mouse ELISA kit (Mercodia, Inc., Uppsala, Sweden). Plasma total cholesterol, high density lipoprotein (HDL)-cholesterol, and triglycerides were measured using a CardioChek blood analyzer (Polymer Technology Systems, Indianapolis, IN, USA). Plasma leptin and adiponectin were measured with mouse ELISA kits according to the manufacturer's protocols (EMD Millipore Corporation, Billerica, MA, USA).
Glucose tolerance and insulin tolerance tests
For the intraperitoneal glucose tolerance test (IPGTT), mice at 15 weeks of age (n = 8 per group) were fasted for 16 h and then injected intraperitoneally (IP) with a single dose of glucose (2 g/kg body weight). Blood glucose was measured before and at 15, 30, 60, and 120 min after glucose injection. An insulin tolerance test (ITT) was performed with the same mice at 24 weeks of age. After an overnight fast, mice were injected IP with a single dose of human insulin (0.75 U/kg body weight; Eli Lilly, Indianapolis, IN, USA), and blood glucose was measured before and at 15, 30, 60, and 120 min after insulin administration.
Body composition and energy expenditure measurements
Body composition of the mice (n = 10 per group) was evaluated using an LF-90 instrument (Bruker Optics, Inc., Billerica, MA, USA) at the end of the feeding experiment. The LF-90 body composition instrument is based on Time Domain Nuclear Magnetic Resonance (TD-NMR) technology, which provides an in vivo measurement of lean tissue, body fat, and body fluid in live mice without anesthesia. 
Primers were designed for a variety of genes associated with adipogenesis. The CCAAT/enhancer-binding protein (C/EBP) a and b activate expression of PPARc and are required for preadipocyte differentiation, while C/EBP/d and sterol regulatory element-binding protein-1 (SREBP-1) accelerate but are not required for differentiation. Peroxisome proliferator-activated receptor c (PPARc) is the master transcriptional regulator of adipogenesis and is involved in the growth arrest that is required for differentiation. Also investigated in this study was expression of fatty acid synthase (FASN), a key enzyme in de novo lipogenesis that catalyzes the synthesis of saturated fatty acids, and glycerol-3-phosphate-dehydrogenase (GPDH), an enzyme that catalyzes the reversible conversion of dihydroxyacetone phosphate to sn-glycerol-3-phosphate. Neuropeptide Y (NPY), agouti-related peptide (AGRP), and pro-opiomelanocortin (POMC) are appetite-associated factors. The 18S ribosomal subunit served as the endogenous control.
Body temperature was measured using a thermometer probe placed at a 2.5 cm depth in the rectum. Following these procedures, 10 mice per group were used for simultaneous assessments of whole body metabolic profile using an indirect calorimetry system as described. 19 Briefly, mice were individually placed in a TSE LabMaster Calorimetry System cage (Columbus Instruments, Columbus, OH, USA). Following acclimation for 48 h, mice were linked to the TSE LabMaster System, in a closed chamber that allows metabolic sampling. Mice had free access to diet and water for the duration of this study. The rates (mL/kg/h) of oxygen consumption (VO 2 ) and carbon dioxide production (VCO 2 ) for each mouse were recorded at 20-min intervals for 48 h. The respiratory exchange ratio (RER = VCO 2 /VO 2 ) was then calculated by calorimetry software. RER estimates the proportion of energy generated from fat versus carbohydrate oxidation, with an RER of 0.70 indicating that fat is the pure source of energy, and a value of 1.0 meaning that carbohydrate is the only fuel source. Total energy expenditure was calculated as EE = VO 2 · (3.815 + (1.232 · RER)) according to the manufacturer's protocol and normalized for lean body mass (kcal/kg/h).
Palmitate and glucose oxidation assays in liver and skeletal muscle Liver and skeletal muscle from the gastrocnemius and quadriceps were assayed for fatty acid and glucose oxidation. Palmitate oxidation was assessed by measuring and summing 14 CO 2 production and 14 C-labeled acid soluble metabolites (ASM) from the oxidation of [1- 14 C] palmitic acid (American Radiolabeled Chemicals, St. Louis, MO, USA), as previously described. 20 Glucose oxidation was assessed by measuring 14 CO 2 production from the oxidation of [U- 14 C] glucose (American Radiolabeled Chemicals).
21
Gene expression analysis in hypothalamus, liver, and adipose tissue
Hypothalamus was isolated as previously described. 22 Tissues were excised from each animal, snap-frozen in liquid nitrogen, and stored at -80°C. Tissues were added to a tube containing a 5 mm stainless steel bead (Qiagen, Valencia, CA, USA) and 1 mL of Isol Lysis reagent (5-Prime, Gaithersburg, MD, USA) and homogenized 2 · 2 min at 20 Hz with a Tissue Lyser II (Qiagen). After centrifugation at 12,000 g for 10 min at 4°C, total RNA was separated following the manufacturer's instructions (5-Prime). Following the addition of 70% ethanol, mixtures were transferred to spin columns and total RNA purified (RNeasy Mini Kit; Qiagen), including the optional on-column RNase-free DNase I step (Qiagen). Total RNA samples were evaluated for integrity by agarose-formaldehyde gel electrophoresis and concentration and purity assessed by spectrophotometry with a NanophotometerÔ Pearl (Implen, Westlake Village, CA, USA). Single-strand cDNA was synthesized from 200 ng total RNA in 20 lL reactions with a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA), following the manufacturer's instructions. Reactions were performed under the following conditions: 25°C for 10 min, 37°C for 120 min, and 85°C for 5 min. Primers for real-time polymerase chain reaction (PCR) were designed with Primer Express 3.0 software (Applied Biosystems) ( Table 1 ) and amplification efficiency validated for all primer pairs before use (95-100% efficiency). Real-time PCR was performed in duplicate in 10 lL volume reactions that contained 5 lL Fast SYBR Green Master Mix (Applied Biosystems) and 3 lL of 10-fold diluted cDNA using a 7500 Fast Real-Time PCR System (Applied Biosystems). PCR was performed under the following conditions: 95°C for 20 sec and 40 cycles of 90°C for 3 sec plus 60°C for 30 sec. A dissociation step consisting of 95°C for 15 sec, 60°C for 1 min, 95°C for 15 sec, and 60°C for 15 sec was performed at the end of each PCR reaction to ensure specificity.
Statistical analysis
All data were analyzed with analysis of variance using JMP Pro V. 10 (SAS, Inc., Cary, NC, USA) and are expressed as mean -standard error of mean (SEM) or least square mean -pooled SEM, where appropriate. Treatment differences were subjected to Tukey's test. A P < .05 was considered significant. Real-time PCR data were analyzed using the DDC T method, where 18S RNA served as the endogenous control and fat from control mice served as the calibrator sample. The DC T = C T target gene -C T 18S , and DDC T = DC T target sample -DC T calibrator . 23 Relative quantities, calculated as 2 -DDCT , were used for statistical analysis. The statistical model included the main effects of diet group (control, HF, or HF + G), tissue (hypothalamus, liver or fat), and the interaction between them.
RESULTS
Food intake, body weight, and body composition
Ginseng supplementation (0.5 g/kg diet) did not alter the amount or pattern of food consumption compared with the HF group (Fig. 1A) . There was reduced food intake in Means with different superscript letters indicate significant differences (P < .05). C, control diet; IPGTT, intraperitoneal glucose tolerance test; ITT, insulin tolerance test. mice that were fed the HF diet as compared with those that consumed the control diet. Mice that consumed the HF diet gained more weight than control mice from week 3 to the end of the study. Although mice given the HF + G diet gained more weight than mice fed the control diet from week 2 to 14, they weighed less than mice that were fed the HF diet from week 10 to 14. At the end of the study, mice in the HF + G group (39.4 -1.35 g) weighed significantly less than HF diet-fed mice (43.57 -0.99 g, P < .05), although they were still more than the control mice (31.92 -0.68 g, P < .05) (Fig. 1B) . Results from body composition measurements showed that body fat mass in HF + G group was reduced (17.28% -0.36%) as compared with mice fed the HF diet (27.40% -0.16%, P < .05), but was still more than in the control mice (10.03% -0.21%, P < .05). Remarkably, mice fed ginseng also had *10% more lean mass (64.02% -0.46%) compared with mice fed the un-supplemented HF diet (53.73% -0.20%, P < .05) (Fig. 1C) .
Fasting blood glucose and plasma insulin
Mice had similar fasting blood glucose concentrations at week 0 ( Fig. 2A) . At week 14, mice fed the HF diet displayed significantly elevated fasting blood glucose concentrations (124.73 -5.69 mg/dL) compared with mice that consumed the control diet (100.93 -3.34 mg/dL, P < .05). However, dietary supplementation of ginseng normalized blood glucose (100.31 -6.99 mg/dL) to levels that were comparable to the control group ( Fig. 2A ). There were no differences in nonfasting blood glucose between groups (data not shown). The plasma insulin levels in HF diet-fed mice (1.96 -0.27 mU/L) were almost two fold higher than in mice fed the control diet (0.77 -0.12 mU/L, P < .05). Mice that consumed the ginseng-supplemented diet had reduced plasma insulin (1.33 -0.24 mU/L, P < .05) as compared with HF diet-fed mice (Fig. 2B ).
ITT and IPGTT
ITT data were analyzed by comparing the blood glucose levels after injection of insulin with blood glucose levels at time point 0 within mice. The results showed that for the first 30 min, no difference in insulin sensitivity was observed. Sixty and 120 min after insulin injection, the percentage of blood glucose compared to time point 0 in HF + G group mice (0.50 -0.02 and 0.69 -0.05, respectively) was significantly lower than in the HF group (0.0.65 -0.03 and 0.89 -0.06). No difference was observed between the C group and HF group or between the C group and HF + G group (Fig. 2C) . Area under the curve (AUC) was calculated using the ITT blood glucose data from all time points. Results showed that the HF + G group had significantly lower AUC than the HF group (P < .05). No difference was observed between the C group and HF group or between the C group and HF + G group (Fig. 2D) . For the IPGTT, the blood glucose levels of mice from the three treatment groups were similar at baseline. However, the HF group had elevated blood glucose (466.75 -35.65 mg/dL) at 15 min postglucose injection, compared with mice in the C group (383.63 -15.25 mg/dL, P < .05). At 30 and 120 min postinjection, both the HF group and HF + G group had significantly higher blood glucose levels than the C group (P < .05). Ginseng supplementation was associated with reduced blood glucose at 60 min (469.71 -41.05 mg/dL) compared with the HF diet group (589.63 -10.38 mg/dL, P < .05), but concentrations that were still greater than the control group (278.75 -27.38 mg/dL, P < .05) (Fig. 2E ).
Blood pressures
Both diastolic (Fig. 3A) , systolic (Fig. 3B) , and mean ( Fig. 3C ) blood pressures were significantly higher in obese   FIG. 3 . Ginseng supplementation prevented hypertension in HF diet-induced obese mice. Diastolic (A), systolic (B), and mean (C) blood pressures were measured in mice fed a normal chow diet (C), high fat (HF) diet, or HF + G for 14 weeks. Values are means -SEM, n = 9-10 mice per group. Means with different superscript letters indicate significant differences (P < .05).
mice following consumption of the HF diet for 14 weeks as compared with the low-fat diet-fed mice controls. However, dietary supplementation of ginseng completely normalized systolic, diastolic, and mean blood pressures in HF dietinduced obese mice.
Plasma lipid profile, leptin, and adiponectin
Total plasma cholesterol levels (163.10 -8.78 mg/dL) in the HF + G group were significantly lower as compared with the HF diet-fed mice (206.2 -11.89 mg/dL, P < .05) (Fig. 4A) . Mice fed the HF + G diet also had lower HDLcholesterol levels (147.3 -10.78 mg/dL) than those fed the HF diet (186.7 -10.13 mg/dL) (Fig. 4B) . However, ginseng supplementation had no effect on plasma triglyceride concentrations (Fig. 4C) . After 16 week of dietary treatment, plasma leptin levels in HF diet-fed mice were elevated by 4-fold over those of controls (42.48 -4.88 vs. 8.57 -2.14 mg/dL, respectively, P < .05). Ginseng supplementation greatly reduced the elevated plasma leptin concentrations that were associated with HF feeding (23.38 -5.49 vs. 42.48 -4.88 mg/dL, P < .05) (Fig. 4D ). There were no significant differences in plasma adiponectin levels among dietary groups (Fig. 4E) .
Body temperature, respiration rate, energy expenditure, and cage activity Mice fed HF + G diet had significantly higher body temperatures (37.85°C -0.23°C) than mice given the control (37.38°C -0.17°C) or HF (37.22°C -0.10°C) diet (Fig. 5A) . Energy expenditure was evaluated by indirect calorimetry at 15 weeks of treatment. Obese mice displayed an increase in VO 2 as compared with lean mice (Fig. 5B ). Mice treated with HF + G tended to have higher VO 2 and VO 2 production than the HF-fed mice (Fig. 5C) . Mice fed the HF diet had significantly lower RER as compared with the control mice, which were not significantly improved by dietary ginseng supplementation (Fig. 5D) . Compared with HF-fed control mice, ginseng-fed mice showed slightly higher energy expenditure, as assessed using data recorded over 48 h, but this difference was not statistically significant (Fig. 5E ). In addition, ginseng treatment for 15 week did not alter locomotive activity both during the day and night period ( Fig. 5F ).
FIG. 4.
Ginseng supplementation decreased circulating levels of total cholesterol, HDLcholesterol, and leptin, but had no effect on triglyceride and adiponectin concentrations in HF diet-fed mice. At the end of the experiment, fasting plasma total cholesterol (A), HDL-cholesterol (B), triglycerides (C), leptin (D), and adiponectin (E) concentrations were measured in duplicated samples by using mouse ELISA kits. Data are shown as mean -SEM (n = 10). Means with different superscript letters indicate significant differences (P < .05). C, control diet; HDL, high density lipoprotein.
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Fatty acid and glucose oxidation in the liver and muscle
The rates of ex vivo palmitate oxidation into CO 2 in the liver was significantly lower in HF diet-fed mice (1.85 -0.22 vs. 3.60 -0.61 nm/mg protein/h, P < .05), suggesting that hepatic fatty acid oxidation was impaired by chronic HF diet feeding. However, ginseng supplementation partially reversed this adverse effect (Fig. 6A) . In addition, ginseng treatment increased the rate of palmitate oxidation into ASM (29.98 -0.91 nm/mg protein/h) as compared with control mice (21.46 -1.93 nm/mg protein/h, p < .05), but there was no significant difference in the production of ASM between HF control and HF + G-fed mice (Fig. 6B) . Neither HF feeding or ginseng supplementation altered the rates of ex vivo glucose oxidation in the liver (Fig. 6C) . In addition, no differences in ex vivo palmitate or glucose oxidation in the skeletal muscle were observed (data not shown).
The mRNA abundance of appetite and fat metabolism-associated genes
The neuropeptide Y (NPY), agouti-related peptide (AGRP) and pro-opiomelanocortin (POMC) mRNA were not detected in adipose tissue or liver, thus the dietary effects were only analyzed in hypothalamus. There were no effects of diet on mRNA abundance of NPY (P = .21; C, HF-G and HF means -pooled SEM were 1.34, 0.78, and 0.85 -0.25, respectively), AGRP (P = .44; C, HF-G and HF means -pooled SEM were 5.99, 1.82 and 1.1 -2.9, respectively), and POMC (P = .39; C, HF-G and HF meanspooled SEM were 1.17, 1.85 and 1.4 -0.34, respectively) in the hypothalamus. These data are consistent with there being no effect of the HF diet on overall food intake.
For C/EBPa and PPARc, there were interactions of dietary group and tissue, where in the adipose tissue, mRNA abundance of both genes was greater (P < .05) in mice that FIG. 5 . Ginseng supplementation increased the body temperature of mice, but had no significant effect on the respiration rate, energy expenditure, or cage activity. Body temperature (A), the rates of oxygen consumption (VO2) (B) and carbon dioxide production (VCO2) (C), respiration exchange ratio (RER) (D), energy expenditure normalized to lean mass of body weight (EE/LM) (E), and cage activity (F) were measured as described in the Materials and Methods section following 15 weeks of dietary treatment. Data are shown as means -SEM (n = 10). Means with different superscript letters indicate significant differences (P < .05). C, control diet.
consumed the control diet than in mice that consumed the HF diet, with intermediate expression of both genes in mice that consumed the HF + G diet ( Table 2) . Expression of both genes was almost two fold greater in control mice as compared with HF diet-fed mice (P < .05), with mice that consumed the HF + G diet having intermediate expression of these genes. No treatment differences were detected for these two genes in any of the other tissues examined.
In all tissues, quantities of C/EBPd, DGAT, and PPARc mRNA were greater (P < .05) in control mice as compared with mice in either of the HF groups. Expression of FASN was greater in mice that consumed the HF + G diet than in mice that consumed the control diet or un-supplemented HF diet (Table 2) .
DISCUSSION
As an important risk factor for T2D and CVD, 8, 24 obesity is often associated with hyperlipidemia, elevated blood glucose and insulin, and impaired insulin sensitivity and glucose tolerance. 25 HF diets are commonly used as a strategy to induce fat deposition and obesity in animal models that often lead to the development of chronic metabolic disorders, 12, 26 such as insulin 27 and leptin 6 resistance. Insulin resistance is an important risk factor for the development of T2D. 28 In the present study, we show that relative long-term provision of Chinese ginseng in the diet prevented obesity in the HF diet-fed mice, which is consistent with findings from several other studies. [12] [13] [14] In addition, ginseng reduced body fat mass while increasing body lean mass, confirming that ginseng exerts an anti-obesity effect. We further show that dietary supplementation of ginseng prevented insulin resistance, lowered blood pressure, and decreased plasma glucose and insulin concentrations in HF diet-fed mice. Importantly, these beneficial metabolic effects elicited by dietary intake of ginseng are not due to alteration in food intake. Given that obesity and insulin resistance are risk factors for developing T2D, ginseng could be an effective dietary supplement that is capable of preventing the pathogenesis of T2D. It is known that increased triglyceride and free fatty acids, and decreased HDL-cholesterol with HDL dysfunction represent dyslipidemia that is typical of obesity. 25 Our data showed that consumption of the HF diet had no impact on plasma triglycerides, but increased plasma HDL-cholesterol. In addition, plasma total cholesterol concentrations were increased with the consumption of the HF diet. Recent research on ginseng extracts showed that ginseng may exhibit its anti-obesity effect by regulating the expression of lipogenesis-related genes in white adipose tissue and delaying the absorption of lipid in the intestine. 12 Because food intake was not affected by ginseng supplementation, the decrease in total cholesterol in the HF-fed mice in our study may be caused by the regulation of lipogenesis-related genes and/or the reduced absorption of lipid. Further experiments are needed to determine how ginseng causes a reduction in circulating cholesterol levels in HF diet-fed mice. It is interesting to note that mice that were fed the HF diet had considerably higher HDL-cholesterol than control mice, but ginseng-fed mice displayed HDL-cholesterol levels that were comparable to those in control mice, consistent with its effect on total cholesterol levels. These results suggest that HF diet-fed mice may be still relatively healthy and are able to increase HDL levels in response to the elevated circulating cholesterol concentrations. There is also possibility that delayed plasma clearance in obese mice may contribute to the elevated HDL-cholesterol levels observed. 29 It is well established that obesity results from energy imbalance. As ginseng treatment did not alter calorie intake in mice during the course of this study, we then assessed energy expenditure to determine whether the reduced body fat mass and body weight in ginseng-fed mice is due to its effect on energy expenditure. It is worth noting that in the present study energy expenditure was normalized to lean mass instead of body weight, because fat tissue may contribute comparatively less to the total energy expenditure compared with lean mass due to its relatively low metabolic activity. 30 While we did not observe that there was a significant difference in energy expenditure between HF-fed and HF + G-treated mice, as assessed using data obtained over 48 h, ginseng intake slightly increased energy expenditure. However, this small difference in energy expenditure as shown within 48 h between the control and ginsengtreated mice could lead to the large differences in the accumulation of fat mass over 15 week of HF-diet feeding. Indeed, it was estimated that, given the identical calorie intake, a 5% difference in daily energy expenditure in HF FIG. 6 . Ginseng supplementation improved palmitate oxidation to CO2 (A), but had no significant effect on the oxidation of palmitate to ASM (B) and glucose oxidation (C) in the liver. Data are shown as means -SEM (n = 10). Means with different superscript letters indicate significant differences (P < .05). ASM, acid soluble metabolites; C, control diet.
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diet-fed mice can result in a about 10-g difference in body weight over 4-6 months. 30 Insulin resistance and hyperglycemia are related with the dysfunctions of several metabolic pathways including impaired glucose transport and oxidation and glycogen synthesis, increased glucose output by the liver, and altered lipogenesis and lipolysis. 31 While data from the present study show that ginseng supplementation improved insulin sensitivity, glucose homeostasis, and blood pressure, these beneficial effects may be the secondary effects whereby long-term intake of ginseng prevented obesity in mice fed a HF diet, given that obesity is a major cause of insulin resistance and T2D. Indeed, ginseng treatment had no significant effect on glucose oxidation in the liver and muscle. Nevertheless, these results suggest that dietary ginseng can potentially lower the risk of developing metabolic syndrome.
Leptin is an adipokine that plays an important role in control of body weight through regulating energy intake and expenditure while adiponectin promotes insulin sensitivity via enhancing fatty acid oxidation and glucose uptake and inhibiting hepatic glucose production. 32, 33 It has been shown that a combination of physiological doses of adiponectin and leptin, but not either hormone alone, completely reversed insulin resistance in lipoatrophic mice, 34 suggesting that leptin and adiponectin exert synergistic metabolic effects. It was shown that obesity and overfeeding can cause leptin resistance in both humans and experimental animals, 35 which may contribute to the disturbed fatty acid metabolism and the development of metabolic syndrome. 36 In our study, the plasma leptin concentrations of mice in the HF diet group increased dramatically when compared with mice in the control group, indicating leptin resistance or compromised leptin action in obese mice. 35 Interestingly, dietary supplementation of ginseng significantly attenuated this harmful effect in obese mice. This result is consistent with previous findings in rats. 37 However, it is unclear from the present study whether ginseng directly acts on adipose tissue The CCAAT/enhancer-binding protein (C/EBP) a and b activate expression of PPARc and are required for preadipocyte differentiation, while C/EBP/d and sterol regulatory element-binding protein-1 (SREBP-1) accelerate but are not required for differentiation. Peroxisome proliferator-activated receptor c (PPARc) is the master transcriptional regulator of adipogenesis and is involved in the growth arrest that is required for differentiation. Also investigated in this study was expression of fatty acid synthase (FASN), a key enzyme in de novo lipogenesis that catalyzes the synthesis of saturated fatty acids, and glycerol-3-phosphate-dehydrogenase (GPDH), an enzyme that catalyzes the reversible conversion of dihydroxyacetone phosphate to sn-glycerol-3-phosphate, an indirect indicator of adipogenesis. Diglyceride acyltransferase (DGAT) mediates the formation of triglycerides from diacylgycerol and acyl CoA. Means with different superscript letters within a column and effect indicate significant differences (P < .05; Tukey's pairwise comparisons). 2 Dietary groups included the control (standard rodent chow), high-fat (HF; 60% of calories from lard), and high-fat diet containing ginseng (HF-G). 3 Tissues analyzed in this study included gonadal fat (fat), liver, and hypothalamus (hypo). 4 Interaction refers to the two-way interaction of diet and tissue, with means and pooled SEM displayed for all groups. SEM, standard error of mean.
to modulate leptin production or if this effect is simply a consequence of reduced adiposity and body weight gain by ginseng. Further experiments need to be conducted to investigate the potential mechanisms of ginseng's effects on leptin resistance.
In the present study, we further assessed ex vivo glucose and fatty acid oxidation in liver and skeletal muscle homogenates from ginseng-treated and un-treated mice. Compared to the standard diet-fed mice, HF-diet feeding had no effect on glucose oxidation, but obese mice displayed lower rates of palmitate oxidation to CO 2 and accumulated more ASM in the liver, as determined by directly measuring the rate of conversion of radiolabeled palmitate into CO 2 or ASM, which provide the index of complete and incomplete oxidation of fatty acids, respectively. These results suggest that the ability of mitochondria to oxidize fatty acids may be impaired after 15 week of HF-diet feeding. While ginseng had no significant effect on the hepatic production of ASM, it partially reversed the impaired fatty acid oxidation to CO 2. As hepatic steatosis is highly correlated with reduced lipid oxidation, 38 it is expected that dietary intake of ginseng may have a protective effect against obesity-induced steatosis, which is intriguing for further investigation.
On a molecular level, we observed differences in gene expression of adipogenesis and lipogenesis-associated factors in the adipose tissue and liver. Interestingly, expression of the master adipogenic transcription factor PPARc in fat was reduced in response to consumption of the HF diet, but increased in mice that consumed HF diet supplemented with ginseng. These data are consistent with previous reports of various sources of ginseng upregulating PPARc expression in liver and adipose tissue of mice. 39 Similarly, treatment with Ginsenoside Rb 1 was associated with enhanced adipocyte differentiation and increased expression of PPARc and CEBP/a. 40, 41 It is well known that PPARc activity is associated with enhanced insulin signaling, reduced blood glucose concentrations, and reduced ectopic lipid accumulation in various organs. In adipose tissue, PPARc is also the target of TZDs, a class of T2D drugs. It is possible that in HF diet-fed mice, ginseng supplementation led to enhanced PPARc activation and hence increased adipogenesis and lipogenesis, thus lowering blood glucose and improving insulin sensitivity. Because the ginseng supplementation was also associated with less body weight gain and reduced body fat composition, it would be informative in future studies to assess rates of fat oxidation in adipose tissue, and rates of triglyceride synthesis and lipolysis, to determine whether ginseng supplementation is associated with changes in adipose tissue dynamics that improve whole body glucose regulation and body composition.
In summary, we provide evidence that long-term dietary supplementation of Chinese ginseng prevents HF dietinduced obesity in mice, which is associated with improved insulin and leptin sensitivity, glucose tolerance, blood pressure, hepatic fatty acid oxidation, and plasma lipid profiles. These results indicate that ginseng, an ancient Asian medicine, can be used as a dietary supplement to prevent obesity and related metabolic disorders. Further studies are needed to fully elucidate the molecular mechanisms underlying the beneficial metabolic effects of ginseng. Moreover, because effects of ginseng may be dependent on ginsenoside profile, further studies should explore the effects of specific ginsenosides on glucose regulation and energy metabolism in adipose tissue, muscle, and liver.
